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Electrodeposition of CdSe 
An In Situ Optical Reflectance Study 
Franco Decker, Neiden~i G. Ferreira, and Maristella Fracastoro-Decker 
Instituto de Fisica, Unicamp, 13081 Campinas, S.P., Brazil 
ABSTRACT 
']?he growth of CdSe films electrodeposited on various substrates for solar photoelectrochemical cells has been studied 
by means of in situ optical reflectance experiments.  The film growth rate, the faradaic efficiency of the electrodeposition 
process, and the dispersion of the film refractive index have been evaluated with this technique. The diffuse reflectance 
has also been measured during the plating process, and its behavior has been discussed. 
In situ optical techniques  are now widespread in elec- 
t rochemis t ry  due to their  great  sensi t iv i ty  to the varia- 
t ion of the optical parameters  of the solid electrode sur- 
face and of  the electrolyte close to it (1, 2). In particular, 
the growth of anodic dielectric layers on valve metals has 
long been  moni to red  e i ther  by visual  observa t ion  of its 
in terference colors or by reflectance measurements  (3). 
Thin semiconduc t ing  films with bandgap  in the near- 
inf rared have been ex tens ive ly  inves t iga ted  in recent  
years because  of their  appl ica t ions  in solar cells and 
o ther  e lec t ronic  devices .  Many pho toe lec t rochemica l  
cells can be prepared with polycrystalline, electroplated 
semiconduc to r s  (4). In a previous  work  (5), we s tudied 
the physical  proper t ies  of e lec t rodepos i ted  CdSe, the 
mos t  we l l -known thin film mater ia l  in photoelec t ro-  
chemistry.  SEM analysis shows that most  electrodepos- 
ited films are very rough (6); even so, they can be used as 
semiconduct ing  electrodes in a l iquid junct ion solar cell, 
s ince the e lec t ro ly te  penet ra tes  easily into the film re- 
cesses.  On the o ther  hand, CdSe films e lec t ropla ted  
us ing a recen t  me thod  (7) are smooth  and uniform.  For  
such films, we thought  that the in situ optical reflectance 
technique,  previously used for oxide films, could be suit- 
able if radiation of appropriate wavelength  is employed. 
This  t echn ique ,  which  permi ts  the observa t ion  of inter- 
fe rence  p h e n o m e n a  s imilar  to those p roduced  by a 
Fabry -Pe ro t  etalon, has the advantage  of being much  
s impler  than el l ipsometry,  a l though not as powerful  for 
ul trathin (8) or for rough or porous (9) films. 
In a recent  work (10), we verified that, up to the thick- 
ness r equ i red  for a solar cell (1-3 ~m), ref lectance is in- 
deed  an adequa te  me thod  for moni to r ing  CdSe electro- 
depos i t ion .  We found that  in te r fe rence  of  the l ight  
ref lected from the e lec t ro ly te / f i lm/subst ra te  sys tem can 
be observed in the near-infrared, as expected,  because of 
the high degree of uniformity of the CdSe films obtained. 
The exper imenta l  reflectance curve has been well repro- 
duced by the one calculated from the Fresnel  equations,  
s l ight ly modif ied in order  to take into account  the fact 
that  the film might  not be perfectly uniform in thickness.  
The in tens i ty  of the expe r imen ta l  in te r fe rence  curve,  
however ,  has been verif ied to be sys temat ica l ly  lower 
than  the ca lcula ted  one, sugges t ing  scat ter ing of  the 
ref lected l ight  due to a poss ible  mic ro roughness  of  the 
electrolyte/fi lm interface. 
In this paper,  we present  a sys temat ic  study, made  
in situ by means of the optical reflectance technique,  of a 
set of  CdSe samples  grown in the same expe r imen ta l  
condit ions as the previously cited method (7). From such 
exper iments ,  we want  to analyze the behavior  of the 
faradaic eff ic iency of  the pla t ing process  and obtain in- 
fo rmat ion  regarding  some optical  proper t ies  of those  
samples ,  namely,  about  the CdSe film refract ive  index  
dispersion. Scat ter ing of the light at the electrolyte/f i lm 
interface, giving rise to diffuse reflectance, has been ac- 
tual ly  observed  and measured  s imul taneous ly  with the 
specular  component .  We analyze and discuss its behav- 
ior as well. 
Experimental 
Elec t rodepos i t ion  of CdSe was pe r fo rmed  galvano- 
statically (i.e., with fixed current  density) at pH 9 and at 
room t empera tu re  in a plat ing solut ion obta ined  by 
mix ing  30 ml of  aqueous  selenosulf i te  (0.75M Na2SO~ + 
0.05M Se) with 10 ml of aqueous  cadm ium  nitr i lotr i-  
aceta te  (0.1M N(CH~CO2H)3 + 0.09M CdClz). The process  
takes place according to the equat ion (11) 
Cd ~+ + SeSO32- + 2e- --~ CdSe + SO32- [1] 
The plat ing solut ion was gent ly s t i rred with a magnet ic  
s t i rrer  and air-saturated dur ing e lec t rodepos i t ion .  The 
subst ra tes  were  1 cm 2 Ti foils, pol ished with  a lumina  
powder  and e tched  in HF + HNO3 + H20 (2:4:94 in 
volume) just  before the deposit ion in order to remove  the 
surface nat ive  oxide. Good resul ts  were  also ach ieved  
with  other  substrates,  such as lapped stainless  steel, 
s ingle-crystal  silicon, and t i tanium evapora ted  on glass. 
The plat ing process  was moni to red  by means  of the si- 
mul t aneous  m e a s u r e m e n t  of the specular ly  ref lected 
l ight  and (in some cases) of  the l ight  sca t tered  from the 
electrode. The exper imenta l  setup is shown in Fig. 1. The 
e lec t ronic  apparatus  consis ted of a PAR 174 A polaro- 
graphic  analyzer,  a Si pho tod iode  coupled  to an IL 700 
research  rad iomete r  (for the specular ly  ref lected light), 
and a second Si pho tod iode  coupled  to PAR 124 A 
Lock-In amplifier (for the scattered light). The intensit ies 
of both the ref lected and scat tered l ight  were  recorded  
on a XT HP 7100 BM double-pen recorder. 
Results 
Several  CdSe films have been grown with the method  
descr ibed  in the previous  section,  and for most  of t hem 
the al ternation of interference maxima and minima was 
clearly de tec tab le  in the specular ly  reflected l ight  (h = 
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Fig. 1. Experimental setup for the in situ reflectance measurement: 
(LS) light source; (CH) chopper; (M) monochromator; (L) lenses; (S) 
mirrors; (D~, D2) photodiodes; (LIA) Lock-In amplifier; (R) radiometer; 
(XT) time-base recorder; (P) potentiostat-galvanostat; (C, W, R) coun- 
terelectrode, working electrode, and reference electrode, respectively. 
850 n m )  for  t h i c k n e s s e s  u p  to 4 t~m. T h e  r e s u l t  of  o n e  
s u c h  e x p e r i m e n t ,  is s h o w n  in  Fig.  2, w h e r e  t h e  d i f f u s e  
r e f l e c t a n c e  w a s  a l so  m e a s u r e d  in s i tu  s i m u l t a n e o u s l y  
w i t h  t h e  s p e c u l a r  r e f l e c t a n c e  as a f u n c t i o n  of  e l e c t r o d e p -  
o s i t i on  t ime .  T h e  t i m e  i n t e r v a l  b e t w e e n  s u b s e q u e n t  m a x -  
i m a  or  m i n i m a  d e p e n d s  b o t h  on  t h e  l i gh t  w a v e l e n g t h  a n d  
on  t h e  p l a t i n g  c u r r e n t  dens i t y .  T h e r e f o r e ,  in  a f i rs t  se t  of  
e x p e r i m e n t s ,  t h e  c u r r e n t  d e n s i t y  was  s w i t c h e d  to differ-  
e n t  v a l u e s  d u r i n g  e l e c t r o d e p o s i t i o n ,  w h i l e  k e e p i n g  t h e  
l i gh t  w a v e l e n g t h  c o n s t a n t .  In  Fig. 3, t h e  i n t e r f e r e n c e  or- 
d e r  of  s u c h  a n  e x p e r i m e n t a l  r e f l e c t a n c e  c u r v e  h a s  b e e n  
p l o t t e d  as a f u n c t i o n  of  t i m e  ( l o w e r  sca le )  a n d  of  t h e  
t r a n s f e r r e d  c h a r g e  ( top  scale).  E v e n  i n t e g e r s  in  t h e  ordi-  
n a t e  s ca l e  r e p r e s e n t  i n t e r f e r e n c e  m a x i m a ,  o d d  i n t e g e r s  
m i n i m a .  At  p o i n t s  A, B, C, a n d  D, t h e  c u r r e n t  d e n s i t y  h a s  
b e e n  s w i t c h e d  f r o m  0.12 to 0.24, f r o m  0.24 to 0.48, f r o m  
0.48 to  0.72, a n d  f r o m  0.72 to 1.2 m A / c m  2, r e s p e c t i v e l y .  In  
a s e c o n d  se t  of  e x p e r i m e n t s ,  t h e  l i g h t  w a v e l e n g t h  was  
s w i t c h e d  f r o m  o n e  v a l u e  to a n o t h e r ,  k e e p i n g  t h e  depos i -  
t i o n  c u r r e n t  c o n s t a n t .  A t  o n e  p a r t i c u l a r  w a v e l e n g t h ,  we  
r e c o r d e d  t h e  s p e c u l a r  r e f l e c t a n c e  of  t w o  c o l l i m a t e d  
b e a m s  i m p i n g i n g  s i m u l t a n e o u s l y  o n  t h e  s a m p l e  at  t w o  
d i f f e r e n t  a n g l e s .  T h e  l a s t  e x p e r i m e n t  w as  p e r f o r m e d  in  
o r d e r  to  m e a s u r e  " in  s i tu"  a r e f e r e n c e  v a l u e  for  t h e  re- 
f r a c t i o n  i n d e x  o f  o u r  p a r t i c u l a r  C d S e  f i lm (2.56 a t  ~, = 
632.8 nm) .  D e t a i l s  of  t h e  t w o - b e a m  m e t h o d  d e s c r i b e d  
a b o v e  c a n  be  f o u n d  in Ref.  (12). 
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Fig. 2. In-situ measurement of the specular and diffuse component of 
the reflected monochromatic light: k = 850 nm; j = 0.12 mA/cm 2. 
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Fig. 3. Interference order of maxima and minima occurring in the 
specular reflectance curve as a function of deposition time (lower 
scale) and of transferred charge (top scale). X = 850 nm. Current den- 
sities: initial, 0.12 mA/cm2: A, 0.24 mA/cm2; B, 0.48 mA/cm2; C, 0.72 
mA/cm2; D, | .2 mA/cm 2. 
D iscussion 
T h e  p l o t  of  t h e  i n t e r f e r e n c e  o r d e r  as a f u n c t i o n  of  t h e  
t r a n s f e r r e d  c h a r g e  is e x p e c t e d  to b e  a s t r a i g h t  l i ne  w h e n  
t h e  w a v e l e n g t h  of  t h e  s a m p l i n g  b e a m  is k e p t  c o n s t a n t .  In  
fac t ,  for  t h e  s y s t e m  e l e c t r o l y t e  ( p h a s e  1)/film 
(2 ) / subs t r a t e  (3), we  h a v e  t h e  i n t e r f e r e n c e  c o n d i t i o n  
m = 1,3,5 . .  for  m i n i m a  
6,2 523 + 2p = mw [2] 
w h e r e  (13) 
m = 2,4,6 for  m a x i m a  
5u = arc  t a n  g [Im(ru)/Re(ru)] [3] 
5u a n d  r u a r e  t h e  p h a s e  c h a n g e  a n d  t h e  F r e s n e l  coeffi-  
c ien t ,  r e s p e c t i v e l y ,  a t  t h e  i n t e r f a c e  b e t w e e n  m e d i a  i a n d  j 
(13), a n d  
p = 2~ n2d cos  ~)2/~ [4] 
is t h e  p h a s e  c h a n g e  d u e  to  t h e  d i f f e r e n c e  in  t h e  o p t i c a l  
p a t h  b e t w e e n  t h e  r e f l e c t e d  a n d  t h e  r e f r a c t e d  b e a m s .  In  
Eq.  [4], n2 is t h e  film r e f r a c t i v e  i n d e x ,  d i ts  t h i c k n e s s ,  ~2 
t h e  i n c i d e n c e  a n g l e  w i t h i n  t h e  f i lm (5 ~ in  ou r  case),  a n d  
t h e  i n c i d e n t  l i g h t  w a v e l e n g t h .  On  t h e  o t h e r  h a n d ,  t h e  
f i lm t h i c k n e s s  d is p r o p o r t i o n a l  to t h e  t r a n s f e r r e d  c h a r g e  
Q, a c c o r d i n g  to F a r a d a y ' s  l aw 
d = MYQ/(nFpRA)  [5] 
w h e r e  M, t h e  f i lm m o l e c u l a r  w e i g h t ,  is e q u a l  to  191.36 
g / too l  for  C d S e  (14), Y is t h e  f a r a d a i c  e f f i c i e n c y  of  t h e  
e l e c t r o d e p o s i t i o n  p rocess ,  n t h e  n u m b e r  of  e l e c t r o n s  tak-  
i ng  p a r t  in  t h e  r e a c t i o n  ( w h i c h  we c o n s i d e r e d  as e q u a l  to  
2) (11), F t h e  F a r a d a y  c o n s t a n t ,  p t h e  f i lm d e n s i t y  [= 5.81 g 
c m  3 (14)], R t h e  r o u g h n e s s  fac tor ,  a n d  A t h e  s a m p l e  geo- 
m e t r i c a l  a rea  ( equa l  to  1 c m  2 for  all  o u r  samples ) .  S u b s t i -  
t u t i n g  Eq,  [4] a n d  [5] in  Eq.  [2], we  get ,  t h e r e f o r e  
m = (4n2 cos  ~2MY/nFpRA) Q + (~,2 62.~)/~ [6] 
T h e  p lo t  of  m as a f u n c t i o n  of  t i m e  in Fig. 3 e x h i b i t s  a 
se t  of  s t r a i g h t  l i n e s  of  i n c r e a s i n g  a n g u l a r  c o e f f i c i e n t  as 
t h e  c u r r e n t ,  I = Q/t, is i n c r e a s e d .  T h e r e f o r e ,  t h e  h i g h e r  
t h e  c u r r e n t ,  t h e  h i g h e r  is t h e  g r o w t h  r a t e  of  t h e  e l ec t ro -  
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Fig. 4.  Plot of Eq. [6] in the text for a set  of in situ reflectance exper- 
iments made during the growth of CdSe films (see also Table I). ,~ = 
8 5 0  rim. 
d e p o s i t i o n  p r o c e s s .  H o w e v e r ,  w h e n  c o n s i d e r e d  as a 
f u n c t i o n  of  charge ,  t h e . p l o t  of  m is a s ing le  s t r a igh t  l ine  
of  c o n s t a n t  a n g u l a r  c o e f f i c i e n t  up  to p o i n t  C, w h i c h  
m e a n s  tha t  t he  fa rada ic  e f f ic iency  does  no t  d e p e n d  u p o n  
the  c u r r e n t  d e n s i t y  of  t he  e l e c t r o d e p o s i t i o n  p roces s .  Our  
e x p e r i m e n t s ,  t h o u g h ,  s h o w  that ,  for c u r r e n t s  h i g h e r  t h a n  
0.48 m A / c m  2 t h e  s l o p e  of  t h e  p lo t  c h a n g e s ,  i.e., t h e  
fa rada ic  e f f ic iency  of  t he  p r o c e s s  is l o w e r e d  if  we  a s s u m e  
t h a t  all o t h e r  p a r a m e t e r s  in Eq.  [6] are  k e p t  c o n s t a n t .  
Th i s  s u g g e s t s  t h a t  it is p o s s i b l e  to r e a c h  m a x i m u m  
g r o w t h  ra tes  w i t h o u t  l o w e r i n g  t h e  fa rada ic  e f f ic iency  by 
i n c r e a s i n g  t h e  c u r r e n t  d e n s i t y  of  t h e  e l e c t r o d e p o s i t i o n  
p r o c e s s  up  to a b o u t  0.5 m A / c m  2. I t  is i n t e r e s t i n g  to ob- 
s e r v e  t h a t  C o c i v e r a  et al.  (7) n o t i c e d  t h a t  f i lms g r o w n  
w i t h  c u r r e n t  d e n s i t i e s  la rger  t h a n  0.5 m A / c m  2 have  solar  
c o n v e r s i o n  e f f i c i e n c i e s  l o w e r  t h a n  t h o s e  of  f i lms g r o w n  
w i t h  l ower  c u r r e n t  dens i t i e s .  In  fact, t he  c o m p e t i n g  reac-  
t i o n s  o c c u r r i n g  w h e n  t h e  p l a t i n g  c u r r e n t  d e n s i t y  is 
l a rger  t h a n  0.5 m A / c m  2 (main ly  h y d r o g e n  evolu t ion)  m a y  
a f fec t  t he  s emiconduc t i . ng  p r o p e r t i e s  of  t he  C d S e  film. 
The  c o m p l e t e  se t  o f  e x p e r i m e n t a l  da ta  t a k e n  w i t h  f ixed 
c u r r e n t  d e n s i t y  a n d  c o n s t a n t  w a v e l e n g t h  can be seen  in 
Fig.  4. The  s t r a igh t  l ines ,  m - aQ + b, have  b e e n  o b t a i n e d  
f r o m  t h e  da ta  by  t h e  leas t  s q u a r e s  m e t h o d .  We no te  that ,  
for  all  t h e s e  l ines ,  t h e  a b s o l u t e  va lue  of  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  was  a l w a y s  v e r y  c lo se  to o n e  ( r a n g i n g  f r o m  
0.997 to 0.999), so t h a t  t h e  da t a  p o i n t s  h a v e  n o t  b e e n  in- 
c l u d e d  in t he  figure. The  resu l t s  for  t he  s a m p l e s  u s e d  in 
th i s  w o r k  are  s h o w n  in Table  I. Fo r  eve ry  sample ,  t he  in- 
t e r s e c t i o n  of  s u c h  a l ine  w i t h  t h e  o r d i n a t e  ax i s  (b) 
multiplied by ~, as seen from Eq. [6], represents the 
quantity 5,5 - 523, i.e., the initial phase of the reflectance 
curve. The angular coefficient (a) of each straight line is 
p r o p o r t i o n a l  to t h e  ra te  at w h i c h  t h e  fi lm g r o w s .  F r o m  
th i s  va lue  a n d  f r o m  Eq.  [6], w e  ge t  a m i n i m u m  v a l u e  of  
Y / R  of  0.64 and  a m a x i m u m  of  0.92 for  t he  se t  o f  exper i -  
m e n t s  s h o w n  in Fig. 4. 
The  d a s h e d  l ine in t he  f igure is t he  ave rage  of  all r epre -  
s e n t e d  l ines ,  i ts  a n g u l a r  c o e f f i c i e n t  a n d  i ts  i n t e r s e c t i o n  
w i t h  t h e  o r d i n a t e  ax i s  h a v i n g  b e e n  o b t a i n e d  f r o m  t h e  
a r i t h m e t i c  a v e r a g e  of  t h e s e  p a r a m e t e r s .  F r o m  t h e  v a l u e  
of  i ts  a n g u l a r  c o e f f i c i e n t  (=16.19 C I cm 2) a n d  f r o m  Eq.  
[6], w e  ge t  a v a l u e  of  Y / R  of  a b o u t  0.81. Th is  a g r e e s  we l l  
w i t h  t he  va lue  of  Y = 0.88 o b t a i n e d  by  Coc ivera  et al. (7) 
c o m p a r i n g  the  w e i g h t  of  t he  film w i t h  t he  n u m b e r  of  cou- 
l o m b s  pas sed .  The  ave rage  g r o w t h  ra te  of  our  C d S e  f i lms 
is t h e n  1.38 ~m C i c m  2. The  i n t e r s e c t i o n  w i t h  t h e  ordi-  
na t e  axis  o f  t h e  ave rage  l ine  (=0.19) c o m p a r e s  wel l  w i th  
t he  va lue  0.22 o b t a i n e d  by  d i r ec t  ca lcu la t ion  of  t he  quan-  
t i ty  (5,2 - 523)/~ f r o m  Eq.  [3], u s i n g  t h e  f o l l o w i n g  o p t i c a l  
c o n s t a n t s  at ~ = 850 n m  for t he  e lec t ro ly te ,  film, and  sub-  
s t r a t e :  n, = 1.347 ( m e a s u r e d  w i t h  t h e  A b b e  r e f r a c t o m e -  
ter), k, = 0:n2 = 2.5 (see Fig. 5), ks = 0:n3 = 4.03, k3 = 3.3 
(15, 16). This  s h o w s  that ,  on the  average ,  t h e r e  is no de lay  
b e t w e e n  the  c u r r e n t  t u r n - o n  and  the  s tar t  o f  t he  p la t ing  
p roces s .  
F r o m  r e f l e c t a n c e  c u r v e s  t a k e n  at  an i n c i d e n t  l i gh t  of  
v a r y i n g  w a v e l e n g t h ,  it  is p o s s i b l e  to  ge t  i n f o r m a t i o n  
a b o u t  t he  d i s p e r s i o n  of  t he  film re f rac t ive  index .  The  re- 
su l t s  a re  s h o w n  in Fig.  5. The  e x p e r i m e n t a l  v a l u e s  of  n2 
s h o w n  in the  f igure have  b e e n  ca lcu la t ed  f rom the  reflec- 
t a n c e  c u r v e s  o b t a i n e d  at  g i v e n  w a v e l e n g t h s  d u r i n g  t h e  
f i lm e l e c t r o d e p o s i t i o n  at  a c o n s t a n t  c u r r e n t  d e n s i t y ,  ac- 
c o r d i n g  to t he  p r o c e d u r e  d e s c r i b e d  in t he  f o r m e r  sec t ion .  
T h e  t i m e  p e r i o d  T b e t w e e n  t w o  m a x i m a  of  t h e  ref lec-  
t a n c e  c u r v e  c o r r e s p o n d i n g  to i n c i d e n t  l igh t  o f  wave -  
l e n g t h  ~ is p r o p o r t i o n a l  to t h e  film t h i c k n e s s  i n c r e a s e  
a n d  to t h e  c h a r g e  t r a n s f e r r e d  d u r i n g  th i s  t ime ,  AQ, 
w h i c h ,  in tu rn ,  can  be  r e l a t ed  to t he  film re f rac t ive  i n d e x  
and  to t he  i n c i d e n t  l igh t  w a v e l e n g t h .  This  is d o n e  by  cal- 
c u l a t i n g  Eq.  [6] for  t w o  s u b s e q u e n t  m a x i m a  or m i n i m a  
a n d  t a k i n g  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  e q u a t i o n s ,  
w h i c h  y ie lds  
2 = 4 n2 cos ~ 2 M Y A Q / ( n F p R A )  [7] 
w h e r e  AQ = IT,  so that ,  for r e f l ec t ance  cu rves  t a k e n  dur-  
ing  the  s a m e  p la t ing  e x p e r i m e n t ,  at t h e  s a m e  i n c i d e n c e  
angle  b u t  w i th  l ight  of  two  d i f f e r en t  w a v e l e n g t h s ,  t he  ra- 
t io  of  Eq.  [7] to an  a n a l o g o u s  e x p r e s s i o n  w r i t t e n  for  k' 
and  T' g ives  
T/T '  = (X/k')[n2(k')/n2(k)] [8] 
F r o m  the  a b o v e  r e l a t i o n s h i p  one  can  ob ta in  n2(k') rela- 
t ive  to a k n o w n  va lue  of  n2, c o r r e s p o n d i n g  to a g i v e n  
w a v e l e n g t h .  This  r e f e r e n c e  va lue  was  t a k e n  as n2 =- 2.56, 
m e a s u r e d  at k = 632.8 n m  (see the  E x p e r i m e n t a l  sect ion) .  
The  e r ro r  bars  in Fig. 5 are d e t e r m i n e d  by  the  m a x i m u m  
d e v i a t i o n  of  t h e  pe r iod  T at  a g iven  k, w h e n  m e a s u r e d  at  
d i f f e r e n t  i n s t a n t s  o f  t he  p la t ing  p roces s .  
The  so l id  l ine  in Fig.  5 has  b e e n  c a l c u l a t e d  f r o m  t h e  
e q u a t i o n  
EX 2 
n22 = D + - -  [9] 
k 2  - -  C 2 
Table I. Experimental parameters for the data shown in Fig. 4 
Refl. 
Current density curve period Charge passed Film thickness Angular coefficient Linear coefficient Y/R 
Sample no. (mA/cm 2) (• 102 s) (C/cm 2) (~mF (a) (C i cm ~) (b) (%) 
3 0.12 9.56 1.742 2.96 18.35 -0.145 92 
4 0.10 12.65 1.125 1.91 16.16 -0.112 81 
5 0.10 11.90 1.360 2.31 16.72 -0.004 84 
6 0.12 10.53 0.668 1.14 15.47 0.294 77 
7 0.12 9.24 1.392 2.36 17.66 0.476 88 
8 0.12 10.85 0.404 0.69 15.66 -0.073 78 
9 0.24 5.14 0.713 1.21 15.99 0.620 80 
11 0.24 5.33 0.852 1.45 15.33 -0.248 77 
14 0.35 4.32 0.714 1.21 12.81 0.580 64 
27 0.12 11.88 2.290 3.90 17.79 0.560 89 
a Defined in Eq. [5] in the text. 
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Fig. 5. Refractive index measurements made in situ on CdSe films 
(bars). The solid line was calculated from Eq. [9] in the text. 
u s e d  to d e s c r i b e  t h e  d i s p e r s i o n  a s s o c i a t e d  w i t h  
i n t e r b a n d  t r a n s i t i o n s  in  so l ids ,  for  p h o t o n  e n e r g i e s  l e s s  
t h a n  t h e  s m a l l e s t  b a n d g a p  (17, 18). D, E, a n d  c ~ a re  con-  
s t a n t s .  We f o u n d  b y  m e a n s  of  a t r i a l  p r o c e d u r e  t h a t  o u r  
e x p e r i m e n t a l  d a t a  are  b e s t  f i t ted b y  t h e  v a l u e s  D = 4.96, 
E = 1, a n d  c 2 = 0 . 2  ixm 2. T h e  v a l u e  of  t h e  op t i c a l  d i e l ec t r i c  
c o n s t a n t  e~, g i v e n  b y  n2 (X --~ o~) = D + E, is 5.96. T h i s  
a g r e e s  v e r y  wel l  w i t h  t h e  v a l u e s  r e p o r t e d  in  t h e  l i t e r a t u r e  
(19), w h i c h  r a n g e  f r o m  5.8 to 6.2 at  r o o m  t e m p e r a t u r e  for  
C d S e  s i n g l e  c rys ta l s .  E q u a t i o n  [9] is a s i m p l i f i c a t i o n  of  a 
m o r e  r e a l i s t i c  t h e o r y  for  t h e  d i e l e c t r i c  c o n s t a n t  (17, 18). 
I n  a q u a l i t a t i v e  sense ,  i t  is p o s s i b l e  to a s s o c i a t e  t h e  f irst  
t e r m  in  t h e  e q u a t i o n  to t h e  c o n t r i b u t i o n  f r o m  h i g h e r  en- 
e r g y  i n t e r b a n d  t r a n s i t i o n s ,  w h i l e  t h e  s e c o n d  t e r m  c o m e s  
f r o m  t h e  l o w e s t  e n e r g y  b a n d g a p  a n d  c is a c h a r a c t e r i s t i c  
w a v e l e n g t h  for  t h e s e  t r a n s i t i o n s .  
We h a v e  c o m p a r e d  ou r  r e s u l t s  w i t h  t h o s e  g i v e n  in t h e  
l i t e r a t u r e  for  C d S e  (19-23). T h i s  c o m p a r i s o n  h a s  s h o w n  
t h a t  t h e  t r e n d  of  t h e  d i s p e r s i o n  c u r v e  we o b t a i n e d  is v e r y  
s i m i l a r  to  t h a t  o b s e r v e d  b y  o t h e r  a u t h o r s ,  a n d  t h a t  o u r  
v a l u e s  of  n2(X) a re  in  good  a g r e e m e n t  w i t h  t h o s e  r e p o r t e d  
in  t h e  l i t e r a tu re .  We m u s t  say, h o w e v e r ,  t h a t  t h e  m e t h o d  
we  u s e d  for  t h e  d e t e r m i n a t i o n  of  n2(X) is n o t  v e r y  p rec i se ,  
m a i n l y  b e c a u s e  of  v a r i a t i o n s  in  t h e  r e f l e c t a n c e  c u r v e  pe-  
r iod .  M o r e o v e r ,  t h i s  m e t h o d  c a n  o n l y  b e  u s e d  to d e t e r -  
m i n e  t h e  f i lm d i s p e r s i o n  r e l a t i o n  in  t h e  w a v e l e n g t h  re- 
g i o n  w h e r e  i t  is t r a n s p a r e n t ,  o t h e r w i s e  t h e  p e r i o d  
v a r i a t i o n s  of  t h e  i n t e r f e r e n c e  c u r v e  c a n  b e  severe .  How-  
e v e r  t h e  v a l u e  of  t h e  f i lm e x t i n c t i o n  coef f ic ien t ,  k2, mea -  
s u r e d  s p e c t r o p h o t o m e t r i c a l l y  for  X > 633 nm ,  is l ess  t h a n  
0.1, so t h a t  o u r  a p p r o x i m a t i o n  c a n  b e  t a k e n  as c o r r e c t .  
We n o t e  in  Fig. 5 t h a t  t h e  v a l u e  of  n2 c o r r e s p o n d i n g  to X = 
632.8 n m  is m u c h  l o w e r  t h a n  t h a t  g i v e n  b y  t h e  c a l c u l a t e d  
c u r v e ,  b u t  we  r e c a l l  t h a t  t h e  l a t t e r  is v a l i d  o n l y  fo r  X > 
Xg~p, w h i c h  is a r o u n d  700 n m  for  CdSe ,  a n d  t h a t  in  t h i s  
w a v e l e n g t h  r e g i o n  t h e  a b s o r p t i o n  c o e f f i c i e n t  of  t h e  ma-  
t e r i a l  v a r i e s  v e r y  qu ick ly ,  so t h a t  r a p i d  v a r i a t i o n s  of  t h e  
r ea l  p a r t  of  t h e  f i lm r e f r a c t i v e  i n d e x  are  to  b e  e x p e c t e d  as  
well .  
F i n a l l y ,  w e  d i s c u s s  t h e  m e a s u r e m e n t  of  t h e  d i f f u s e  
l i g h t  r e f l e c t a n c e  t o g e t h e r  w i t h  t h e  s p e c u l a r  r e f l e c t a n c e  
(Fig. 2). D i f fu se ly  s c a t t e r e d  l i g h t  h a s  b e e n  g e n e r a l l y  con-  
s i d e r e d  as a b a c k g r o u n d  noise ,  r e d u c i n g  t h e  i n t e n s i t y  of  
t h e  s p e c u l a r  r e f l e c t a n c e  b u t  o t h e r w i s e  l e a v i n g  t h e  in te r -  
f e r e n c e  p a t t e r n  i n t a c t .  H o w e v e r ,  w e  h a v e  o b s e r v e d  a 
v e r y  s t r o n g  o sc i l l a t i n g  t r e n d  in  t h e  d i f fuse  c o m p o n e n t  as  
we l l  as  in  t h e  s p e c u l a r  one .  M o r e o v e r ,  t h e  t w o  c o m p o -  
n e n t s  a re  a l m o s t  o p p o s i t e  in  phase .  O ur  " i n  s i t u "  r e s u l t s  
a re  s i m i l a r  to  t h o s e  o b t a i n e d  " e x  s i t u "  b y  o t h e r  a u t h o r s  
(24, 25). A fu l l  t h e o r e t i c a l  e x p l a n a t i o n  of  t h i s  p h e n o m e -  
n o n  h a s  n o t  b e e n  p r o v i d e d  u n t i l  now.  In  l o o k i n g  for  s u c h  
a n  e x p l a n a t i o n ,  w e  h a v e  a p p r o a c h e d  t h e  q u i t e  c o m p l e x  
p r o b l e m  of  t h e  s c a t t e r i n g  of  e l e c t r o m a g n e t i c  w a v e s  f r o m  
r o u g h  s u r f a c e s  (26, 27). We f o u n d  t h a t  t h e  i n c o h e r e n t  
p a r t  of  t h e  l i gh t  r e f l ec t ed  b y  a r o u g h  fi lm ( w h i c h  we asso-  
c i a t e  w i t h  d i f f u s e  r e f l e c t a n c e )  c a n  b e  d e s c r i b e d  b y  t h e  
e x p r e s s i o n  (28) 
R~ = R,[1 - e x p  (-16~-~/X2)][1 - e x p  (-~2c~,,2t2/X2)] 
[10] 
w h i l e  t h e  s p e c u l a r  r e f l ec tance ,  w h i c h  we  r e l a t e  to t h e  co- 
h e r e n t  p a r t  of  t h e  r e f l ec ted  l ight ,  is g i v e n  by  (28) 
Rc = R,, e x p  (-16~2~2/X 2) [11] 
I n  t h e  a b o v e  f o r m u l a s ,  (r is t h e  r m s  f i lm r o u g h n e s s ,  t 
t h e  f i lm c o r r e l a t i o n  d i s t a n c e ,  a n d  a,~ t h e  a c c e p t a n c e  half-  
a n g l e  of  t h e  d e t e c t o r  in  r a d i a n s  (28). E q u a t i o n s  [10] a n d  
[11] s h o w  t h a t  b o t h  t he  c o h e r e n t  a n d  t h e  i n c o h e r e n t  pa r t s  
of  t h e  r e f l e c t a n c e  a re  e x p e c t e d  to osc i l l a te  w i t h  t h e  s a m e  
p e r i o d  as t h e  r e f l e c t a n c e  of  a n  idea l  f i lm w i t h  flat b o u n d -  
a r ies ,  Ro, as s e e n  in  t h e  e x p e r i m e n t s .  As  to t h e  f ac t  t h a t  
t h e y  o s c i l l a t e  o p p o s i t e  in  p h a s e ,  a p o s s i b l e  e x p l a n a t i o n  
c o u l d  b e  t h a t  s u g g e s t e d  b y  R o o s  a n d  R i b b i n g  (24, 25) 
f r o m  a p p l i c a t i o n  of  e n e r g y  c o n s e r v a t i o n .  I f  t h e  m e t a l  is 
c o n s i d e r e d  as  a p e r f e c t ,  n o n a b s o r b i n g  c o n d u c t o r ,  t h e  
e l e c t r o m a g n e t i c  e n e r g y  t h a t  is n o t  s p e c u l a r l y  r e f l e c t e d  
s h o u l d  h a v e  to b e  s c a t t e r e d  away,  so t h a t  t he  d i f fu se  re- 
f l e c t a n c e  w o u l d  b e  e n h a n c e d  w h e n  t h e  s p e c u l a r  ref lec-  
t a n c e  h a s  a n  i n t e r f e r e n c e  m i n i m u m .  T h e  fac t  t h a t  t h e  in- 
t e n s i t y  of  t h e  d i f fuse  c o m p o n e n t  of  t h e  r e f l ec ted  l i gh t  in  
Fig.  2 i n c r e a s e s ,  on  t h e  a v e r a g e ,  w i t h  t i m e ,  w o u l d  ind i -  
ca te  t h a t  t h e  f i lm su r f ace  ge ts  r o u g h e r  d u r i n g  t h e  g r o w t h .  
T h i s  p h e n o m e n o n  is p a r t i c u l a r l y  r e m a r k a b l e  a t  t h e  be-  
g i n n i n g  of  t h e  e l e c t r o d e p o s i t i o n  p r o c e s s  (up  to 20 ra in  in  
Fig. 2) a n d  is a c c o m p a n i e d  b y  a pa ra l l e l  d e c a y  in  t h e  in- 
t e n s i t y  of  t h e  s p e c u l a r l y  r e f l ec t ed  l ight ,  as e x p e c t e d  f r o m  
Eq.  [11] i f  t h e  f ac to r  e i nc rea se s .  
Conc lus ions  
I n  t h i s  work ,  we h a v e  p r e s e n t e d  t h e  r e s u l t s  of  a se t  of  
in  s i tu ,  s p e c u l a r  r e f l e c t a n c e  m e a s u r e m e n t s  o n  C d S e  
f i lms,  e l e c t r o d e p o s i t e d  u s i n g  a r e c e n t  m e t h o d  f r o m  a n  
a q u e o u s  s o l u t i o n .  F r o m  o u r  e x p e r i m e n t s ,  w e  h a v e  ana -  
l y z e d  t h e  f a r a d a i c  e f f i c i e n c y  of  t h e  p l a t i n g  p r o c e s s  a n d  
t h e  r e f r a c t i v e  i n d e x  d i s p e r s i o n  of  t h e  C d S e  f i lms  in  t h e  
gap  r e g i o n .  We f o u n d  a n  a v e r a g e  v a l u e  of  Y / R  of  0.81, 
f r o m  w h i c h  we  d e d u c e d  a n  a v e r a g e  f i lm g r o w t h  r a t e  of  
1.38 ~m/C c m  -2. We also c o n c l u d e d  t h a t  t h e  f a r ada i c  effi- 
c i e n c y  of  t h e  e l e c t r o d e p o s i t i o n  p r o c e s s  does  n o t  d e p e n d  
u p o n  t h e  p l a t i n g  c u r r e n t  d e n s i t y  u p  to a b o u t  0.5 m A / c m  2. 
F o r  l a r g e r  c u r r e n t s ,  t h e  f a r a d a i c  e f f i c i e n c y  is l o w e r e d ,  
w h i c h  is p r o b a b l y  due  to c o m p e t i n g  r e a c t i o n s  o c c u r r i n g  
a t  t h e  e l e c t r o d e  a n d  p o s s i b l y  a f f e c t i n g  i t s  s emi -  
c o n d u c t i n g  p r o p e r t i e s .  T h e  c o m p a r i s o n  b e t w e e n  expe r i -  
m e n t a l  a n d  c a l c u l a t e d  r e f l e c t a n c e  c u r v e s  a l lows  us  to es- 
t a b l i s h  t h a t  t h e r e  is p r a c t i c a l l y  n o  d e l a y  b e t w e e n  t h e  
c u r r e n t  t u r n - o n  a n d  t h e  b e g i n n i n g  of  t he  p l a t i n g  p rocess .  
T h e  i n  s i t u  m e a s u r e m e n t  o f  t h e  f i lm r e f r a c t i v e  i n d e x  
d i s p e r s i o n ,  n2 (X), a l t h o u g h  n o t  as  p r e c i s e  as  a n  e x  s i t u  
m e a s u r e m e n t ,  is v e r y  i n t e r e s t i n g ,  s i nce  seve ra l  p h e n o m -  
e n a  m a y  o c c u r  d u r i n g  t h e  e l e c t r o d e p o s i t i o n  p r o c e s s  t h a t  
c o u l d  m o d i f y  t h e  f i lm r e f r a c t i v e  i n d e x  ( s u c h  as,  for  ex-  
a m p l e ,  s o l v e n t  i n c l u s i o n  w i t h i n  t h e  film). S i n c e  t h e  
v a l u e s  of  n2(X) for  C d S e  f i lms  we  o b t a i n e d  f r o m  t h i s  
in  s i t u  t e c h n i q u e  a re  v e r y  c lo se  to t h o s e  of  C d S e  s i n g l e  
c r y s t a l s ,  we  c o n c l u d e  t h a t  C d S e  f i lms  g r o w n  w i t h  t h e  
m e t h o d  u s e d  in  t h i s  w o r k  a re  c o m p a c t ,  b e s i d e s  b e i n g  
v e r y  u n i f o r m  as p r e v i o u s  S E M  a n a l y s e s  h a v e  s h o w n  (10). 
T h e  s a m e  o p t i c a l  t e c h n i q u e  for  a k i n e t i c  d e t e r m i n a t i o n  
of  n2(X) c o u l d  b e  u s e d  for  o t h e r  e l e c t r o d e p o s i t e d  f i lms,  
u n l e s s  too  r o u g h  or  n o t  u n i f o r m .  
D i f f u s e  r e f l e c t a n c e  h a s  a lso  b e e n  m e a s u r e d  t o g e t h e r  
w i t h  s p e c u l a r  r e f l e c t a n c e  in  s o m e  e x p e r i m e n t s .  T h e  re- 
s u l t s  h a v e  s h o w n  v e r y  c l e a r l y  a n  i n t e r f e r e n c e  p a t t e r n ,  
s i m i l a r  to  t h a t  of  t h e  s p e c u l a r  r e f l e c t a n c e  b u t  o p p o s i t e  in  
p h a s e  to it. T h e s e  in  s i t u  o b s e r v a t i o n s  a re  s i m i l a r  to  
t h o s e  m a d e  r e c e n t l y  e x  s i t u  b y  o t h e r  a u t h o r s  o n  o x i d e  
f i lms  g r o w n  on  t h e  p a r e n t  m e t a l s .  We f o u n d  t h a t  t h e  
i n t e r f e r e n c e - l i k e  p a t t e r n  of  t h e  d i f fu se  r e f l e c t a n c e  c a n  b e  
e x p l a i n e d  b y  t h e  t h e o r y  of  Oh l ida l  et al. (28). T h i s  t heo ry ,  
t o g e t h e r  w i t h  t h e  o b s e r v e d  t r e n d  for  b o t h  t h e  s p e c u l a r  
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and diffuse reflectance, also suggests that  the film rough- 
ness increases during the growth, a phenomenon  that  is 
expected  in electrodeposi t ion processes. This roughness  
increase is remarkable,  particularly for film thicknesses 
below 300 nm. This phenomenon,  however,  does not pre- 
clude the measurement  of interference fringes for CdSe 
films as thick as about  4 ~m. 
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LIST OF SYMBOLS 
A sample geometr ical  area, cm 
d film thickness, nm 
F Faraday's  constant  
I current,  mA 
m interference order 
M film molecular  weight,  g/mol 
n number  of electrons in the reaction 
n ,  k~: n~, ks: nj, k3 refractive index and ext inct ion co- 














transferred charge, C 
roughness  factor 
reflectance for an ideal film 
incoherent  and coherent  reflectance 
film correlation distance, nm 
t ime period be tween two subsequent  maxima (or 
minima) in the reflectance curve, s 
faradaic eff iciency of the e lec t rodepos i t ion  pro- 
cess 
acceptance half-angle of the detector, rad 
phase  change at the in terface  be tween  media  i 
and j, rad 
incident  light wavelength,  nm 
film density, g cm -3 
rms film roughness,  nm 
incidence angle within the film, degrees 
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A New Self-Aligned Planar Oxidation Technology 
Kazuhito Sakuma, Yoshinobu Arita, and Masanobu Doken 
NTT Electrical Communications Laboratories, 3-t Morinosato Wakamiya,  Atsugi-shi, Kanagawa  243-01, Japan 
ABSTRACT 
This paper presents a new self-aligned planar oxidation technology (SPOT) developed as an isolation process for ob- 
taining highly uniform planar surfaces in very-high-speed bipolar LSI's. In the SPOT isolation process, low temperature 
(900~ high pressure (0.8 MPa) oxidation is used. Planarity is found to be independent  of the selective oxidation tempera- 
ture and oxide thickness. Furthermore, no dislocation is generated in this process. A low leakage current vs. high voltage 
breakdown characteristic is obtained between isolated islands. The results confirm SPOT to be very effective for the low 
temperature isolation indispensable to realizing very-high-speed bipolar large scale integrated circuits (LSI's). 
Real iz ing planar  surface topography  in an isolat ion 
s t ruc ture  is an impor tan t  step in the format ion  of ex- 
t r emely  small  size devices  and in te rconnect ions .  Al- 
t hough  var ious  isolat ion me thods  for planar  surfaces  
have  been  proposed  (1-5), these  process  technologies  
have problems regarding planaring process control  and 
planaring uniformity. 
This paper  presents  a fabr icat ion me thod  using the  
self-al igned planar oxidat ion technology (SPOT). It fur- 
ther examines  the planarity, bird's  beak, dislocation, and 
electrical characterist ics as well as the bipolar transistor 
static characteristics. 
Experimental 
P-type ( l l l ) - o r i e n t e d  si l icon hav ing  a res is t iv i ty  of  
10-20 t2-cm was used as the substrate .  An n-type si l icon 
epi tax ia l  layer 1 ~m th ick  was grown on this subs t ra te  
using the convent ional  chemical  vapor  deposi t ion (CVD) 
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 143.106.108.94Downloaded on 2014-11-26 to IP 
